Tumors have developed several forms of resistance to receptor-induced cell death. Here, we show that malignant mesothelial (MM) cell lines as well as primary MM cells and normal mesothelial (NM) cells express Fas and TNFrelated apoptosis-inducing ligand (TRAIL) receptors DR4 and DR5. We found that, although Fas expression levels are comparable, only MM cells are resistant to cell death. Furthermore, MM cells show resistance to TRAILinduced apoptosis. Caspase-8 (FLICE) is not activated by death receptors triggering in malignant cells whereas it is well activated by nonreceptor stimuli, such as UV radiation. We found that FLIP (FLICE-Inhibitory Protein) is constitutively expressed in all MM cell lines and is more expressed in primary MM cells than in NM cells. Knockdown of FLIP expression in MM cell lines, by a FLIPsiRNA, re-established the normal response to apoptosis induced by Fas or DR4/DR5, which was blocked by pretreatment with the caspase-8 inhibitor z-IETD-fmk. These results indicate that MM cells develop an intrinsic resistance to apoptosis induced by death receptors upregulating the expression of the antiapoptotic protein c-FLIP.
Introduction
Pleural malignant mesothelioma (MPM) is a fatal tumor, which is linked to asbestos exposure (Attanoos and Gibbs, 1997) and associated to SV40 infection (Carbone et al., 1994) . It is expected that the incidence of malignant mesothelioma (MM) will increase in the next decades. The survival of patients with MPM is not more than 6% with a median survival time after diagnosis of 6-12 months. Mesothelioma is a chemoresistant malignancy. Only multimodality regimens of treatment, based on surgery, radiotherapy and chemotherapy, improve the long-term survival for a very small subgroup of patients (Jaklitsch et al., 2001; Tomek et al., 2003) . Furthermore, it has been shown that MM patients have impaired immune responsiveness (Manning et al., 1991) .
In normal cells, death is induced by several immunological, physiological stimuli, among them the triggering of the death receptor Fas (CD95/Apo-1) by its ligand (FasL). TRAIL receptors, DR4 and DR5, are expressed and selectively induce apoptosis in a wide variety of tumors without exhibiting toxicity to normal cells or tissues (French and Tschopp, 1999) . Fas and DR4 and DR5 have an intracytoplasmic death domain (DD), which is important for the transduction of the proapoptotic signaling cascade. In fact, death receptor trimerization, through the DD, induces the recruitment of the adaptor protein FADD that, in turn, binds to and activates the caspase-8 proenzyme. The protein complex formed by all these proteins has been called DISC (Death-Inducing Signaling Complex) (Peter and Krammer, 2003) . Activated caspase-8, in turn, mediates the dissipation of the mitochondrial transmembrane potential and the activation of the postmitochondrial caspase-9. Mitochondria, however, take part also in nonreceptor proapoptotic processes. Expression of Fas and TRAIL death receptors on normal mesothelial (NM) cells has been recently demonstrated. FasL induces apoptosis in cultured NM cells (Catalan et al., 2003) . The sensitivity to Fas-induced cell death of NM cells may play an important role in controlling homeostasis in normal mesothelium, which is not only a protective layer but it is also a dynamic structure regulating serosal responses to injury, disease and infection (Mutsaers, 2002) . The alteration of the Fasinduced apoptotic program could therefore play a role in the tumorigenesis of mesothelial cells. Many tumors are resistant to Fas-and TRAIL-induced cell death through different molecular mechanisms (Wright et al., 1994) . Some produce decoy receptors (DcRs) (Roth et al., 2001 ) some, such as colon cancer cells, express FasL to perform the so-called 'tumor counterattack' (Hahne et al., 1996; O'Connel et al., 1996) Thomas et al., 2002) . The caspase-8 inhibitor FLIP (FLICE-Inhibitory Protein) has a caspase-like domain, but it lacks amino-acid residues that are critical for caspase activity. Two forms of FLIP, long (FLIP L ) and short (FLIP S ), exist both with inhibiting functions. The mechanism of cell death inhibition by FLIP may reside in its ability to preclude recruitment of caspase-8 to the DISC and thereby its proteolytic cleavage (Krueger et al., 2001) .
Much information is available about the mechanisms mediating the proliferation and progression of MM, but little is known about MM cells sensitivity to death receptors. We and others have previously demonstrated that MM cell lines show low susceptibility to TRAIL (Liu et al., 2001; Tomasetti et al., 2004) (Vivo et al., 2003) and that this is not due to Bcl-2 (Narasimhan et al., 1998) . Here, we show that, although MM primary cells and cell lines express Fas and DR4/DR5, they are not killed by their crosslinking. Furthermore, we demonstrate that the mechanism of resistance to Fas and TRAIL in MM cells systems is due to FLIP L , which is overexpressed in malignant, but not in normal cells.
Results

MM cells are resistant to Fas-and TRAIL-induced cell death
Little information exists on the sensitivity of MM cells to death receptor-induced apoptosis, thus, we have first analysed Fas expression in normal and malignant mesothelial (MM) cells. Seven MM cell lines (Ist-Mes3, MM-B1, MPP-89, Meso-2, H-Meso, Ist-Mes1, Ist-Mes2), five MM primary cultures (Mes-RF, Mes-SS, Mes-ST, Mes-PR, Mes-DP), and four NM cell cultures (NM-1, NM-8, NM-12, NM-13) were subjected to cytofluorimetric analysis, which revealed that Fas is expressed in all MM primary cell cultures, cell lines and NM cells and its levels appear apparently comparable, as shown in Figure 1a , where a representative cytofluorimetric analysis of MM-B1, Mes-DP and NM-1 of the extended one (Table 1) is indicated. Moreover, normal and malignant cells express DR4 and DR5, with highest DR5 expression in all cells analysed ( Figure 1b and Table 2 ).
Furthermore, Fas-and TRAIL-induced cell death in mesothelial cells was investigated by propidium iodide staining. All the primary cultures and cell lines, previously tested for Fas expression, were treated in a dose (250-1000 ng/ml) ( Figure 2a ) and time-dependent manner (24-48 h) ( Figure 2b ) with an anti-Fas agonistic antibody (CH11 clone), which induces Fas trimerization. No significant proapoptotic effect was detected on both MM primary cultures and cell lines compared to NM cells (Figure 2a , b). We have previously described that MM cell lines are resistant to TRAIL-induced apoptosis, in a dose-and time-dependent manner (Tomasetti et al., 2004) . Like MM cell lines, primary MM and NM cells show a strong resistance to TRAIL-induced cell death (Figure 2c ). Similar results were also obtained by annexin-V staining (data not shown). Since the resistance to TRAIL may depend on its DcRs expression (Roth et al., 2001) , we investigated whether mesothelial cells have DcR1 and DcR2 proteins ( Figure 1c and Table 2 ) and mRNA (data not shown). NM cells had higher amounts of DcRs than MM cells, suggesting that NM cells may be intrinsically resistant to TRAIL-induced apoptosis by expressing its DcRs and that additional mechanisms could be involved in the resistance of MM cells.
Caspase-8 is not activated in MM cells
Fas-induced caspase-8 activation was investigated by Western blot analysis in MM and NM cells. Fas crosslinking did not induce procaspase-8 cleavage in MM cells, as the proenzyme band disappearance and the cleavage partial product (40 kDa) and the active fragment (20 kDa) production did not occur. A representative Western blot of three MM cell lines (H-Meso, Meso-2 and MM-B1), out of seven, is indicated ( Figure 3a) . Similarly, TRAIL did not activate (Tomasetti et al., 2004) . On the contrary, caspase-8 was well activated after 24 h of anti-Fas treatment in NM-1 cells. Notably, no caspase-8 activation was observed in NM cells treated with TRAIL (Figure 3b ), which may be associated to DcRs expression. Similar results were also obtained with NM-12 and NM-13 cells (data not shown). Procaspase-8 and -9 were specifically cleaved in UV-treated MM cells that underwent cell death (Figure 3c, d) , indicating that the postmitochondrial apoptotic pathway is not inhibited in MM and that caspase-8 can be activated by nonreceptor stimuli. These data suggest that MM cells have a mechanism of resistance to programmed cell death upstream of caspase-8 activation, at the receptor level.
Flip is expressed in MM cells
FLIP overexpression has been demonstrated in different kinds of tumors (Djerbi et al., 1999; Medema et al., 1999; Tepper and Seldin, 1999) . Therefore, we analysed mRNA and protein levels of FLIP L/S in primary MM and NM cells as well as MM cell lines. (Figure 5a ). FLIP suppression restored the ability of Fas and TRAIL to transduce a signal, since procaspase-8 partial cleavage product (40 kDa) and, more importantly, the 20 kDa active fragment appeared within 3 h of anti-Fas and TRAIL treatment of FLIPsiRNA MMtransfected cells but not in CsiRNA-transfected cells (Figure 5b ). Furthermore, caspase-8 is specifically activated by death receptors in transfected cells and its activation is due to its autoproteolytic properties since the caspase-8-specific inhibitor z-IETD-fmk completely inhibits the cleavage product accumulation upon the triggering of death receptors (Figure 5b ). This pattern is similar to that observed for the additional MM-B1 cell line (Figure 5c ) 
Discussion
The Fas/FasL system plays a crucial role in regulating cellular and tissue homeostasis and represents one of the mechanisms by which immune cells kill target tumor cells. It has been published that the rejection of tumors by NK cells depends on a mechanism of death receptormediated apoptosis and that the introduction of FLIP L in tumor cells blocks the rejection (Screpanti et al., 2001) . Furthermore, the expression of Fas on tumor targets makes them more immunogenic and susceptible to IL-2-induced LAK activity and CTL (Bradley et al., 1998) . Fas plays an important role also in chemotherapy since drug-resistant, Fas þ -expressing prostate tumor cells, can be sensitized by cisplatin and etoposide to killing by FasL-bearing CTL, TIL and LAK cells (Frost et al., 1997) . However, there is some evidence that asbestos-exposed people and malignant mesothelioma patients have impaired immune responsiveness. In particular, it has been observed that LAK and NK cells activity against mesothelioma target cells is reduced. The CD4 subset of lymphocytes is reduced in number, while the CD8 subset is unchanged (Lew et al., 1986; Manning et al., 1991) . Furthermore, we have observed a strong presence of lymphocytes in pleural exudates (unpublished observation). The molecular mechanism responsible for this immune unresponsiveness is mainly unknown. To elucidate the mechanisms of MM cells immunoresistance, we have examined their response to the triggering of death receptors. We have observed that, although the expression levels of membrane Fas in NM and MM cells are comparable (Table 1 and Figure 1a ), MM cells are much more resistant to Fasinduced cell death (Figure 2 ). Another group of researchers have recently published that in a small number of MM cell lines the Fas/FasL pathway is intrinsically intact (Stewart et al., 2002) . This study does not elucidate the sensitivity of primary MM cells to death receptor-induced cell death and does not unravel the molecular mechanism of resistance of insensitive cell lines. Here, we have shown that MM primary cells express TRAIL receptors (Table 2 ), but they are not killed by TRAIL (Figure 2c ). These data are supported by previous observations that MM cell lines are also resistant to TRAIL-induced apoptosis (Liu et al., 2001; Tomasetti et al., 2004) . Furthermore, NM cells are not killed by TRAIL and it could be due to decoy receptors expression ( Figure 1 and Table 2 ). Taken together these data indicate that MM cells can develop a mechanism of resistance to death receptors, which, in normal conditions, may play a still unknown important role in the maintenance of mesothelium function. Many tumors acquire the ability to resist to death receptor-induced cell death upregulating antiapoptotic proteins that are distributed at different levels of the proapoptotic pathway. To explain the molecular mechanisms mediating the resistance of MM cells to Fas and TRAIL-triggered apoptosis, we investigated the ability of Fas to transduce an early signal, such as caspase-8 activation. Our data show that in MM cells, the procaspase-8 is not processed, even 24 h after treatment with the anti-Fas agonistic antibody, in contrast to NM cells (Figure 3a,  b) . However, caspase-8 and the postmitochondrial caspase-9 can be activated in MM cells induced to die by nonreceptor stimuli, such as UV radiation. These data suggest that the antiapoptotic protein FLIP inhibits procaspase-8 recruitment and activation at the receptor level. Since Fas and DR4/DR5 signaling could be blocked by FLIP L and FLIP S isoforms, we studied FLIP L/S expression. Results obtained show that all the MM cell lines and primary cells tested express high levels of FLIP L in contrast to NM cells (Figure 4a, b) . FLIP S mRNA is present in all cells analysed, but the protein is not detectable in primary MM cells and in around 50% MM cell lines (data not shown). Therefore, FLIP L, more than FLIP S seems to be important to inhibit death receptor-mediated apoptosis in MM cells. The importance of FLIP was confirmed when its expression was downregulated in MM cells. FLIP L downregulation (Figure 5a ) allowed Fas and TRAIL to activate caspase-8 (Figure 5b , c) and more importantly, through the activation of the initiator caspase-8, to kill MM cells (Figure 6 ). Caspase-8 activation is important to propagate the proapoptotic signal in our cell system since pretreatment of FLIPsiRNA MM-transfected cells with the specific caspase-8 inhibitor z-IETD-fmk blocks the apoptotic process (Figure 6b ). These data show clearly that overexpression of FLIP in MM cells can block the apoptotic pathway induced by Fas and TRAIL. We had previously demonstrated that MM cells express the death receptors DR4/DR5, but have a low susceptibility to their ligand (Tomasetti et al., 2004) , through mechanisms still unknown; we have now given a good explanation for this resistance. This is an important point of view because TRAIL is selective for cancer cells and knocking down FLIP could be a good future strategy for treatment of malignant mesothelioma. The use of RNAi for genetic-based therapies is actually studied in cancers (Wall and Shi, 2003) . Furthermore, these data may have another relevant clinical impact since FLIP, which is selectively expressed in MM but not in NM cells, can be considered in the future as a diagnostic and prognostic factor for MM.
Finally, this work opens up two important questions: Firstly, which are the factors that induce FLIP expression in MM cells? Since MM cell produce angiogenic cytokines, promoting their survival and proliferation (Kumar-Singh et al., 1999; Romano et al., 2001; Strizzi et al., 2001) , we suppose that these cytokines could modulate FLIP expression as a mechanism of selfprotection from proapoptotic cytokines. Secondly, our data suggest how MM cells can resist immune system attack but they do not explain how, in turn, they suppress the activity of immune system cells. Do express MM cells FasL to kill CTL and NK cells? These hypotheses are under investigation in our laboratory.
In conclusion, these data clearly demonstrate that FLIP suppression in MM cells correlates with a strong susceptibility to Fas and TRAIL-induced cell death and that, therefore, FLIP play an important role in MM cell survival in response to the triggering of death receptors.
Materials and methods
Cell cultures and treatments
Human MM cell lines and primary MM and NM cells were established from patients and identified morphologically by phenotypic analysis. After 2 weeks in culture 100% of NM cells stained positive for calretinin. Cells were cultured in HAM'S/F-10 supplemented with 10% FBS, 1% L-glutamine and 1% penicillin-streptomycin (Hy-Clone, Rome, Italy) at 371C and 5% CO 2 . Fas and DR4/DR5 activation was induced by the IgM anti-Fas antibody CH-11 (UBI, Lake Placid, NY, USA) and by hrTRAIL (prepared as described elsewhere (Plasilova et al., 2002) ), respectively. To assay procaspase-9 cleavage, MM cells were exposed for 2 min with a UV transilluminator (Euroclone) with a peak intensity of 9000 mW/cm 2 at the filter surface and a peak emission of 313 nm, and left 18 h in culture before processing for Western blot analysis. The pancaspase inhibitor zVAD-fmk and the caspase-8-specific inhibitor z-IETD-fmk (Alexis, Lausen, Switzerland) were used at a concentration of 20 mM. Annexin-V-FITC was from Sigma (St Louis, MO, USA).
Immunofluorescence and flow cytometry analysis
Purified anti-CD14 (negative control) was provided by Becton Dickinson (San Jose, CA, USA), purified anti-DR4, DR5, DcR1 and DcR2 was from Alexis (Lausen, Switzerland) and purified anti-Fas (DX2) was kindly donated by Dr R Testi. FITC labeled goat anti-mouse (GaM-FITC) was from PharMingen (BD). For immunostaining, cells (2 Â 10 5 /ml) were incubated for 30 min at 41C with the appropriate amounts of the primary antibodies, washed and incubated again for 30 min with the GaM-FITC antibody. Samples were analysed by flow cytometry on a FACScalibur s (Becton Dickinson).
Evaluation of apoptotic cells
Nuclear hypodiploidy and condensation was assessed by propidium iodide staining. Briefly, cells at 2 Â 10 5 /well were plated in six-well plates, treated with anti-Fas (CH-11 clone) or TRAIL (50 ng/ml), trypsinized, washed in PBS and resuspended in hypotonic fluorochrome solution (50 mg/ml propidium iodide in 0.1% sodium citrate plus 0.1% Triton X-100), kept for 8 h at 41C in the dark and analysed by FACScalibur s cytofluorimeter for the evaluation of the percentage of hypodiploid nuclei.
Apoptosis was quantified using the annexin V-FITC method, which detects phosphatidyl serine externalized in the early phases of apoptosis. Briefly, cells were washed twice in PBS, resuspended in 0.1 ml binding buffer (10 mM HEPES, 140 mM NaCl, 5 mM CaCl 2 , pH 7.4), incubated for 20 min at RT with annexin V-FITC, supplemented with 10 ml of propidium iodide (10 mg/ml) and analysed by flow cytometry.
RT-PCR analysis
Total RNA was isolated from MM and NM cells using OMNIzol (EuroClone Ltd, UK) according to the manufacturer's instructions. The cDNA was synthesized from 1 mg total RNA using ProtoScript First-Strand cDNA Synthesis kit (New England BioLabs Inc., USA) and 1 ml of cDNA was used for each amplification reaction. PCR analyses were performed with EuroTaq DNA polymerase (EuroClone Ltd, UK). b-Actin primers were used for PCR internal control. The primers used for amplification of Fas, FLIP L / S , DR4, DR5, DcR1, DcR2 and b-actin have been described (Nagaraju et al., 2000; Bernard et al., 2001; Zang et al., 2001) 
Western blot analysis
After treatments, cells were lysed in lysis buffer (150 mM NaCl, 10 mM Tris-HCl pH 7.4, 1 mM EDTA, 1% Triton X-100, 0.5% NP40 and proteases inhibitors). Proteins (80 mg) were separated on a 12.5% SDS-PAGE and transferred onto nitrocellulose membrane (Schleicher and Schuell Bioscience, Germany). Membranes were blocked with 5% nonfat dry milk and blotted with the following antibodies: anti-human caspase-8 monoclonal antibody (3-1-9) (BD Biosciences Pharmingen, San Diego, CA, USA); mouse anti-human FLIP (NF-6) (Alexis Biochemical, Switzerland); rabbit anti-human caspase-9 (H-83) and rabbit anti-actin (H-300) (Santa Cruz Biotechnology Inc., CA, USA). For detection, anti-mouse IgG and anti-rabbit IgG peroxidase conjugate (SIGMA, St Louis, MO, USA) were used, followed by enhanced chemiluminescence (SuperSignal West Pico Chemiluminescent substrate, PIERCE, Rockford, USA) and autoradiography.
Preparation of small interfering RNA (siRNA) and transfection
The FLIP-specific siRNA was previously described (Siegmund et al., 2002) . A nonspecific, double-stranded siRNA (QiagenXeragon, Germantown, MD, USA) with identical length was also generated based on the sequence of an unrelated protein (lamin-C) and used as control (CsiRNA). In addition, a nonsilencing siRNA showing no known homology to mammalian genes, labeled with fluorescein, was used to monitor the transfection efficiency. Cells (2 Â 10 5 /well) were grown in sixwell plates and transfected with annealed siRNA using the RNAi Starter Kit (Qiagen, MI, Italy) following the manufacturer's instructions. Cells were then harvested at different times for further assays. Gene silencing was monitored at the protein level by Western blot analysis.
Statistical analysis
Results are expressed as mean7s.d. The two-sided Student's t-test was used for statistical comparisons. A P-value p0.05 was considered statistically significant.
